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Resonance	 Imaging	(fMRI),	 the	recurrent	spatial	characteristics	of	 these	patterns	have	
been	extensively	explored	in	the	adult	brain	and	their	disruption	has	been	found	to	be	









resting	state	network,	 the	Default	Mode	Network,	within	 the	 first	48	hours	of	 life.	The	
study	 aimed	 to	 examine	 its	 emergence,	 for	 the	 first	 time,	 using	 optical	 imaging	 on	
newborns	immediately	after	birth.	While	the	majority	of	fMRI	literature	focused	on	large-







in	which	 the	 origin	 of	 the	 signal	 is	 reconstructed	with	 better	 anatomical	 fidelity.	 The	
reliability	 of	 the	 reconstruction	method	was	 tested	 on	 synthetic	 and	 real	 data.	 In	 the	
former	case,	I	simulated	spatially	correlated	neural	activity	in	the	cortex,	thus	enabling	
assessment	of	the	reconstructed	images	against	a	ground-truth	map.		























The	 human	 brain	 can	 be	 depicted	 as	 a	 fascinating	 complex	 system	 consisting	 of	







of	 the	brain	organization	 through	 the	 functional	 interactions	between	 its	 components.	
Functional	connectivity	is	defined	as	the	temporal	synchronization	between	spontaneous	
fluctuations	of	neuronal	activity,	registered	at	rest.	Thus,	in	the	absence	of	external	inputs	
to	 the	subject,	 the	 intrinsic	brain	activity	can	be	captured.	 In	 this	natural	condition,	as	
extensively	demonstrated	 in	numerous	 fMRI	 studies,	 correlations	 among	 anatomically	
separated	regions	emerge	in	the	form	of	spatial	patterns,	which	have	been	consistently	




















are	 associated	 with	 the	 vascular	 response	 to	 fluctuations	 in	 the	 underlying	 neuronal	
activity.	 During	 the	 measurement,	 sources	 are	 positioned	 adjacent	 to	 the	 scalp,	
introducing	light	through	the	intact	skull.	Detectors,	placed	few	centimetres	away	from	
sources,	register	light	that	diffuses	through	the	cortex.	The	pair	of	corresponding	source	
and	 detector	 is	 referred	 to	 as	 channel.	 Considering	 the	 peculiar	 possibility	 to	 obtain	
measurements	at	the	bedside	and	its	non-invasiveness,	fNIRS	is	extremely	advantageous	




from	 multiple	 perspectives.	 Firstly,	 I	 conducted	 a	 functional	 connectivity	 study	 on	 a	
sample	 of	 term	 newborns,	 recruiting	 subjects	 at	 the	 Rovereto’s	 Hospital	 (Italy).	
Specifically,	I	investigated	the	inception	of	the	DMN	focusing	on	specific	features	of	this	
network.	Additionally,	I	developed	methods	to	map	functionally	connectivity	patterns	on	
a	 finely-grained	 anatomical	 template,	 thus	 moving	 from	 a	 sensor-based	 analysis	 to	 a	
source-based	 representation	 with	 improved	 anatomical	 localization.	 Importantly,	 I	






functional	 connectivity	 to	 explore	 the	 brain	 functional	 organization	 is	 presented.	 The	
focus	is	directed	on	the	study	of	emerging	resting	state	networks,	and	particularly	of	the	
DMN.	 The	 literature	 on	 the	 maturation	 of	 DMN	 at	 this	 stage	 of	 life	 is	 reviewed	 and	
discussed,	to	provide	a	framework	to	my	work.	Lastly,	the	tailored	approach	I	chose	to	
investigate	the	state	of	DMN	at	birth	is	described.		

















Finally,	 the	 study	 behind	 Chapter	 4	 arises	 from	 the	 opportunity	 to	 improve	 the	
description	 of	 functional	 connectivity,	 usually	 obtained	 in	 the	 sensor	 space,	 with	 a	
representation	 in	 the	 sources	 space.	 To	 this	 purpose,	 the	 reconstruction	 of	 spatially	
distributed	 functional	 signals	 is	 validated	 on	 a	 dedicated	 anatomical	 template	 with	
synthetic	signals	and	real	datasets,	including	the	one	presented	in	Chapter	3	and	a	second	
one	 provided	 by	 collaborators	 from	 University	 of	 Tokyo	 (Prof.	 Gentaro	 Taga	 and	 his	
research	group).	The	process	is	tested	under	different	experimental	conditions,	in	order	

















determinant	 for	 the	 future	 growth	 of	 the	 individual.	 Understanding	 structure	 and	
organization	of	 this	biological	evolving	system	during	the	 first	days	and	months	of	 life	
remains	a	challenge.	Recent	advances	in	neuroimaging	methodologies,	such	as	Magnetic	
Resonance	 Imaging	 (MRI)	 or	 Near	 Infrared	 Spectroscopy	 (NIRS),	 provide	 a	 powerful	
means	to	acquire	structural	and	functional	information	on	the	adult	human	brain	in	vivo	
and	non-invasively.	Extension	of	 these	methods	 to	 the	 study	of	 the	baby’s	brain	holds	
considerable	promise	to	discern	the	principles	governing	the	brain	development	during	
the	very	early	phase	of	life.	A	recent	special	issue	of	the	Neuroimage	Journal	(Huang	H.,	
Huppi	 P.,	 He	 Y.,	 2019)	 explored	 progresses	 and	 future	 perspectives	 in	 the	 baby	 brain	
imaging,	demonstrating	the	increasing	attention	to	the	topic	by	the	scientific	community.	
This	chapter	is	intended	to	present	the	state	of	art	of	newborns’	brain	investigation	with	





The	 study	of	 the	human	early	brain	development	 represents	 a	 fascinating	 as	much	 as	
challenging	 research	 field.	 The	postnatal	 brain	 can	be	 conceptualized	 as	 an	 extremely	
complex	system	because	of	its	continuous	evolution	and	rearrangement.	The	formation	
of	 neural	 circuits	 effectively	 starts	 in	 the	 first	 trimester	 of	 pregnancy	 through	 intense	
















same	 time	makes	 it	vulnerable	 to	maladaptation	(Gao,	Lin,	Grewen,	&	Gilmore,	2017),	
with	 the	 subsequent	 risk	of	 a	 severe	 impairment	of	 the	normal	 growth	of	 the	 system.	





















measure	 localized	physiological	changes	related	 to	neural	activity.	 	Some	of	 them	take	
advantage	of	variation	in	cerebral	blood	flow	to	detect	“activated”	areas	of	the	brain;	on	






principle	 in	 brain	 organization.	 The	 segregation	 idea	 is	 grounded	 on	 specialization	 of	







be	 explained	 later	 in	 section	 2.2,	 the	 activation	 of	 a	 cortical	 area	 determines	 a	 local	
increment	 of	 blood	 flow,	 thus	 increasing	 the	 fraction	 of	 oxygenated	 hemoglobin	 over	
deoxygenated	 hemoglobin,	 with	 respect	 to	 baseline	 conditions.	 Exploiting	 the	





investigation	 of	 the	 brain	 “at	 rest”	 -	 in	 the	 absence	 of	 any	 external	 stimuli	 or	 task	
performance	 requests.	 In	 these	 cases,	 the	 subject	 lays	 still	 in	 the	 scanner	 for	 several	
minutes,	without	any	presented	stimulus,	while	fMRI	signals	are	acquired	on	a	continuous	









We	 generally	 refer	 to	 the	 expression	 “functional	 connectivity”	 (FC)	 to	 account	 for	 the	
estimation	 of	 the	 statistical	 interdependence	 of	 neuronal	 activity	 of	 anatomically	
separated	 brain	 regions	 (Friston,	 2011).	 Thus,	 the	 study	 of	 functional	 connectivity	
enables	mapping	the	large-scale	cerebral	organization	and	is	thought	to	give	information	
on	 the	 level	 of	 communication	 between	 cerebral	 areas.	 Interestingly,	 correlated	
spontaneous	 activity	 is	 organized	 in	 groups	 of	 anatomically	 separated	 brain	 regions.	
These	emerging	spatial	patterns	have	been	consistently	observed	in	individuals	and	are	





2005).	 Furthermore,	 the	 description	 of	 homologous	 networks	 in	 other	 species,	 like	
rodents	or	monkeys,	indicates	that	RSNs	represent	a	core	feature	of	the	mammalian	brain	
organization	 (Becerra,	 Pendse,	 Chang,	 Bishop,	 &	 Borsook,	 2011;	 Vincent	 et	 al.,	 2007).	
Most	of	the	observed	functional	RSNs	overlap	with	activation	networks	involving	areas	
with	similar	functions,	simultaneously	emerging	during	task-based	experiments.	Motor	
and	 visual	 networks,	 associated	 to	 analogous	 regions	 of	 the	 cortex,	 provide	 shining	
examples.	Moreover,	the	pattern	formed	of	the	superior	temporal	insular	and	postcentral	
cortex	consists	of	areas	usually	involved	in	auditory	functions	and	the	group	of	regions	
consisting	 of	 dorsolateral	 prefrontal	 cortex	 and	 superior	 parietal	 cortex	 are	 active	
together	during	memory	tasks	(Figure	1.2	illustrates	the	organization	of	some	of	the	most	
















present	 coherent	neural	activity	with	 respect	 to	 the	 chosen	seed:	we	 refer	 to	 these	as	
functionally	 correlated	 areas.	 The	 connectivity	 matrix,	 which	 defines	 correlations	








Data-driven	 analysis	 methods,	 like	 Independent	 Component	 Analysis	 (ICA),	 offer	 the	
possibility	 to	 avoid	 an	 a	 priori	 choice	 and	 unveil	 the	 data	 structure	 (van	 de	 Ven,	
Formisano,	Prvulovic,	Roeder,	&	Linden,	2004).	In	this	case,	the	signal	is	decomposed	into	
statistically	 independent	 components,	 each	 one	 with	 an	 associated	 spatial	 map	 –	 the	





remove	 components	 related	 with	 noise.	 On	 the	 other	 hand,	 the	 interpretation	 of	


















Hence,	 functional	 connectivity	 is	 a	 robust	 concept	 to	 describe	 architecture’s	 cerebral	
organization	 in	healthy	 subjects.	Consequently,	 functional	 connectivity	 could	also	be	a	










Crawford,	 Zhou,	 Miller,	 &	 Greicius,	 2009),	 and	 within	 the	 somatosensory	 network	 in	







developmental	 disorders.	 Various	 papers	 have	 focused	 on	RSNs	 alterations	 in	 autistic	
subjects,	 finding	weaker	connectivity	within	 the	Default	Mode	Network	 (Redcay	et	al.,	
2013;	Weng	 et	 al.,	 2010);	 on	 the	 other	 hand,	 in	 	 subjects	 affected	 by	 attention-deficit	
hyperactivity	disorder	(ADHD),	alteration	in	Default	Mode	Network	arises	together	with	
an	increased	connectivity	in	the	salience	network	(Castellanos	&	Aoki,	2016;	L.	Wang	et	
al.,	 2009).	 Hence,	 investigation	 of	 functional	 connectivity	 at	 an	 early	 stage	 of	 life	 and	
during	 early	 brain	 development	 may	 provide	 a	 key	 to	 interpret	 the	 neuro-functional	
mechanisms	 underlying	 these	 impairments	 and	 a	 tool	 to	 help	 planning	 interventions	
during	the	critical	period.		
In	last	years,	significant	insights	into	the	development	of	resting	state	brain	connectivity	
have	been	derived	 from	research	on	both	prenatal	 and	post-natal	 life	 stage	with	 fMRI	
methods.	 For	 instance,	 a	 few	 studies	 on	healthy	 fetuses	 (Schöpf,	Kasprian,	Brugger,	&	
Prayer,	 2012;	 Thomason	 et	 al.,	 2013)	 revealed	 the	 emergence	 of	 bilateral	 functional	
networks	 since	 24	weeks’	 gestational	 age,	 observing	 an	 increase	 of	 inter-hemispheric	
connections	toward	birth	age,	from	a	medial	to	lateral	direction	(Thomason	et	al.,	2013,	




sedated	 preterm	 infants,	 scanned	 using	 fMRI	methods,	 and	were	 able	 to	 identify	 five	
functional	networks	(out	of	at	least	eight	described	in	adults)	in	visual	cortex,	bilateral	






al.,	 2009),	 it	 appears	 as	 a	 strong	 limitation	of	 the	 technique.	 Later,	 in	 preterm	 infants	
scanned	at	term-equivalent	age,	a	full	repertoire	of	the	major	resting	state	networks	in	
adults,	 including	 executive	 control	 and	 the	 most	 studied	 default	 mode	 network,	 was	
reported	(Doria	et	al.,	2010).	Therefore,	it	emerged	that	functional	patterns	evolved	from	
immature	and	fragmentary	RSNs	in	preterm	infants	(Smyser	et	al.,	2010a)	into	facsimiles	




adults,	 start	maturing	 during	 the	 last	 trimester	 of	 gestation,	 before	 the	 acquisition	 of	
cognitive	competencies.	However,	the	dynamics	of	growth	differs	from	one	network	to	
another.	Specifically,	it	appears	that	the	development	of	functional	networks	is	associated	
not	 only	 to	 already	 established	 genetic	 mechanisms	 (such	 as	 synaptogenesis	 or	
myelination),	but	also	to	the	behavioural	functions	to	which	they	are	associated.	As	proof	


























correlated	 spontaneous	 activity,	 and	may	 form	a	 brain	 system	per	 se.	 The	 anatomical	
configuration	 of	 the	 network	 is	 considerably	 consistent	 in	 literature,	 regardless	 of	
neuroimaging	approaches	or	analysis	methods	used.	 It	comprises	the	bilateral	parietal	
cortex,	 precuneus/posterior	 cingulate	 cortex	 and	 lateral	 and	medial	 prefrontal	 cortex	
(Raichle	et	al.,	2001;	van	den	Heuvel,	Mandl,	Kahn,	&	Hulshoff	Pol,	2009).		
DMN	has	been	associated	with	spontaneous	cognition	and	introspective	thoughts.	Indeed,	
regions	 involved	 in	 the	 network	 show	 increased	 activity	 during	 passive	 cognitive	
processes,	but	decreased	activation	during	externally	goal-directed	activities	(Buckner,	
Andrews-Hanna,	&	Schacter,	2008;	Raichle	et	al.,	2001).	Subsequent	studies	have	shown	
that	 a	 variety	 of	 situations	 involving	 active	 tasks	 engage	 the	 DMN	 areas.	 By	 way	 of	
example,	recall	of	past	events,	imagination	about	the	future	(prospection)	and	conceiving	
the	 viewpoint	 of	 others	 (theory	 of	 mind)	 reflect	 the	 emergence	 of	 the	 set	 of	 regions	
classified	 within	 the	 DMN	 (Buckner	 &	 Carroll,	 2007).	 The	 strength	 of	 connections	
between	 regions	 of	 networks	 decreases	 in	 deep	 sleep,	 as	 confirmed	 by	







(M.	 Greicius,	 2008).	 Moreover,	 the	 study	 of	 this	 network	 have	 an	 impact	 also	 on	
neurodevelopmental	disorders.	Nevertheless,	 for	decades	 the	majority	of	 literature	on	
DMN	 has	 focused	 on	 adult	 subjects.	 Reaching	 a	 deep	 comprehension	 of	 the	 stage	 of	
development	 at	 which	 the	 Default	 Mode	 Network	 emerges	 and	 how	 it	 evolves	 could	













Figure	 1.3	 Results	 from	 different	 connectivity	 studies.	 On	 the	 left,	 a	 group	 analysis	 on	 early	 preterm	
neonates	 scanned	 at	 term	equivalent	 age	 is	 reported	 (Fransson	 et	 al.,	 2007).	 ICA	 analysis	 revealed	 the	
presence	of	 five	main	networks.	The	one	 (D)	 in	yellow	 is	 considered	a	predecessor	of	DMN,	because	 it	





















was	observed	 in	2	weeks-old	 subjects,	whereas	 a	more	 complex	 and	 similar	 to	 adults	
network	architecture	was	detected	in	2	years-olds	(Gao	et	al.,	2009).	This	could	support	
the	 idea	 that	 Default	 Mode	 Network	 is	 experience-dependent	 and	 matures	 gradually	
through	 infancy,	 in	 parallel	 with	 the	 development	 of	 cognitive	 competences.	 On	 the	
contrary,	 Doria	 and	 others	 (2010)	 suggested	 that	 the	 complex	 network	 of	 DMN	may	
develop	even	before	term	(Figure	1.3).	They	collected	BOLD	resting-state	fMRI	data	from	
infants	at	29	to	43	weeks	Post	Menstrual	Age	(PMA)	and	divided	them	in	three	subsets	





anatomical	 template	 brain,	 while	 Doria	 and	 colleagues	 performed	 accurate	 co-











investigation	 of	 a	 spatial	 pattern,	which	 is	well	 known	 from	measurements	 in	 adults.	








to	non-compliant	subjects	 like	 the	newborn	baby.	 	We	hypothesize	 that	exploration	of	
DMN	 can	 be	 conducted	 through	 its	 interaction	 with	 other	 networks.	 We	 would	 take	
advantage	 of	 a	 priori	 information	 from	 adult	 subjects.	 Generally,	 positive	 correlations	







remarkable	 presence	 of	 anticorrelated	 spontaneous	 activity	 between	 these	 networks,	
even	without	 any	 task.	 Specifically,	 negative	 correlations	have	been	detected	between	
DMN	and	dorsal	 attention	network	 in	 adults	 at	 rest	 (Figure	1.4).	The	dorsal	 attention	
network	(DAN)	is	bilaterally	organized	and	includes	the	intraparietal	sulcus	(IPS)	and	the	
frontal	eye	fields	(FEF)	in	each	hemisphere	(Corbetta	&	Shulman,	2002).	While	DMN	is	
linked	 to	 internally	 directed	 processes,	 DAN	 controls	 cognitive	 functions	 linked	 to	
external	attention-demanding	stimuli.		
The	 observed	 opposing	 relationship	 between	 spontaneous	 fluctuations	 is	 therefore	
coherent	with	the	contrasting	neural	functions	of	the	two	networks	(Corbetta	&	Shulman,	





Gabrieli,	 &	 Whitfield-Gabrieli,	 2014).	 The	 interaction	 between	 these	 networks	 in	
paediatric	 population	 has	 been	 addressed	 by	 only	 one	 study	 (Gao	 et	 al.,	 2013).	
Specifically,	 Gao	 and	 others	 analysed	 resting	 state	 fMRI	 data	 from	 a	 large	 cohort	 of	
paediatric	subjects,	divided	by	age	in	three	subsets	(3	weeks,	1-year	and	2-years	old).	A	
seed-based	analysis	was	conducted,	using	the	posterior	cingulate	cortex	(PCC)	and	the	
intraparietal	 sulcus	 (IPS)	 as	 seed	 regions	 for	 the	 Default	 and	 Dorsal	 networks,	
respectively.	While	the	study	failed	in	detecting	negative	network	interactions	in	3-week	



















so	 does	 their	 interaction,	 thus	 indicating	 a	 strong	 interdependence	 already	 at	 their	








the	 request	of	 immobilization	during	 the	 scan,	 obtained	by	 restraint	or	 sedation,	 loud	















Infrared	 Spectroscopy	 (fNIRS).	 This	 recent	 technique	 exploits	 principles	 of	 optical	
spectroscopy	 to	 measure	 the	 hemodynamic	 response	 of	 the	 human	 brain	 to	 external	
stimuli.	 fNIRS	uses	optical	 fibres	 to	 inject	 (sources)	and	collect	 (detector)	 light	 to	and	
from	tissues.	Light	is	introduced	at	the	scalp	and	penetrates	the	skull	and	cerebrospinal	

































transparency	 of	 biological	 tissues	 to	 light	 in	 the	 near	 infrared	 range	 of	 the	 optical	
spectrum	 -	 the	 so-called	 “biological	 window”.	 Under	 this	 assumption,	 Jöbsis	
demonstrated	 the	 feasibility	 to	record	cerebral	activity	 in	vivo,	 from	measurements	of	
concentrations	of	oxyhemoglobin	and	deoxyhemoglobin.	First	evidences	were	obtained	
by	 trans-illuminating	 the	 head	 of	 an	 anesthetized	 cat	 and	 human	 adult	 voluntary	
hyperventilating	(Jobsis,	1977):	the	era	of	near	infrared	spectroscopy	(NIRS)	applications	
had	 just	started.	Since	1980,	 first	prototypes	of	NIRS	machines	(usually	single-channel	
systems)	 were	 used	 to	 measure	 oxygenation	 and	 hemodynamic	 brain	 parameters	 in	
animals	(Giannini,	Ferrari,	Carpi,	&	Fasella,	1982),	human	adults	(Ferrari,	Giannini,	Sideri,	
&	 Zanette,	 1985)	 and	 later	 newborn	 infants	 (Ferrari,	 de	 Marchis,	 &	 Giannini,	 1986).	
Interestingly,	 in	 1993,	 four	 studies	 on	 the	 application	 of	NIRS	principles	 to	 functional	
brain	 imaging	 were	 almost	 simultaneously	 published	 by	 different	 research	 groups	




cognitive	 tasks.	 Soon,	 the	 technique	 was	 extended	 to	 investigate	 more	 brain	 regions	




in	 the	 brain.	 Studies	 on	 phantoms	 and	 simulated	 head	 models,	 combined	 with	
technological	advances	enabling	production	of	high-density	machines	with	hundreds	of	
channels,	paved	the	way	to	a	tomographic	approach	and	to	the	optical	reconstruction	of	











form	 of	 adenosine	 triphosphate	 (ATP)	 is	 necessary	 to	 support	 the	 sequence	 of	









leads	 to	 an	 increase	 in	 deoxyhemoglobin	 (HHb)	 concentration	 with	 a	 subsequent	
decrease	 in	 oxyhemoglobin	 (HbO)	 concentration.	 However,	 the	 quantity	 of	 total	
transferred	oxygen	 is	higher	 than	 that	 consumed	 in	 the	process,	with	a	net	 imbalance	






heme	 group.	 As	 a	 result,	 the	 mismatch	 in	 magnetic	 susceptibility	 between	 the	 blood	
compartment	and	the	brain	tissue	is	different	for	oxygenated	and	deoxygenated	blood.	
Hence,	 the	 activation-induced	 hemodynamic	 response	 modulates	 the	 local	 Magnetic	





Optical	 imaging	 allows	 to	 determine	 the	 localized	 hemodynamic	 response	 from	 the	
computation	of	concentration	variations	in	time	of	oxy-	and	deoxy-	hemoglobin,	which	
present	different	optical	properties.	The	information	is	inferred	from	the	attenuation	of	a	
beam	 of	 light,	 which	 is	 injected	 and	 subsequently	 detected	 at	 the	 scalp	 level.	 Light	




wavelength	 and	 optical	 properties	 of	 the	 tissue.	 The	 human	 tissue	 turns	 out	 to	 be	
relatively	 transparent	 to	 near	 infrared	 light.	 Indeed,	 observing	 its	 absorption	 spectra	
(Figure	2.1),	it	appears	that,	in	the	near	infrared	spectral	range	(650-950	nm),	absorption	
coefficients1	are	low,	allowing	light	to	travel	for	several	centimetres	in	the	tissue.	Water,	
which	 is	 one	 of	 the	 most	 important	 constituents	 of	 biological	 tissue,	 shows	 strong	
absorption	in	the	ultraviolet	part	of	the	spectrum,	or	at	longer	wavelengths,	mostly	in	the	
medium	 and	 far	 infrared	 range.	 Among	 all	 absorbers	 in	 the	 near	 infrared,	 the	
chromophores	 of	 HbO	 and	 HHb	 are	 the	 most	 important	 ones,	 even	 if	 weak.	 Other	
absorbers	include	melanin	and	lipids,	but	we	can	safely	assume	that	their	concentrations	
and	properties	are	not	affected	significantly	by	neural	activation.	Conversely,	changes	in	










capability	 of	 light	 to	 penetrate	 tissues	 guarantees	 the	 feasibility	 of	 optical	 imaging	 to	








deep	 into	 tissues	passing	 through	 the	 skull	 and	 the	 cerebrospinal	 fluid	 (CSF)	 to	 reach	
cortical	regions.	Laser	diodes	or	light	emitting	diodes	are	typically	used	as	light	sources,	
while	 photomultipliers	 or	 avalanche	 photo-diodes	 enable	 sensitive	 measurement	 of	
attenuated	light	diffusing	back	to	the	scalp.	The	penetration	depth	depends	on	the	relative	
positions	of	source	and	detector	–	which	form	what	is	referred	to	as	a	channel.	Photon	








cortex	 and	 on	 its	 way	 back	 to	 the	 detector.	 Thus,	 the	 signal	 collected	 contains	




the	 head.	 On	 the	 contrary,	 an	 increase	 in	 the	 channel	 distance	 beyond	 the	 optimal	























































The	 attenuation,	 or	 optical	 density	 (OD),	 is	 the	 logarithm	 of	 the	 ratio	 between	 the	
intensity	of	light	introduced	𝐼t	and	the	intensity	I	detected:	
	
	 𝑂𝐷 = 	−𝑙𝑜𝑔
𝐼
𝐼t














where	 𝜇(𝜆)	 indicates	 the	 scattering	 coefficient.	 By	 grouping	 separately	 the	 effects	 of	
absorption	and	scattering,	it	is	possible	to	model	the	process:	
	























	 ∆𝑐	 = 	−	
∆𝑂𝐷




At	 the	 end,	 changes	 in	 concentration	 of	 the	 chromophore	 depends	 on	 the	 specific	
wavelength.		
































































The	most	 common	 CW	 technique	 injects	 light	 of	 constant	 intensity	 and	measures	 the	
















The	 peculiarity	 of	 frequency-domain	 systems	 is	 the	 use	 of	 intensity-modulated	 light	
sources	 (sinusoidal,	 10	 –	 100	 MHz).	 From	 the	 computation	 of	 the	 attenuated	 mean	
intensity,	the	modulated	amplitude	and	the	phase	shift	of	the	light	collected	at	detector	







Thus,	 one	 of	 the	 advantages	 of	 FD	 modality	 is	 the	 capability	 to	 differentiate	 the	
information	on	optical	properties:	the	absorption	coefficient	provides	information	about	
constituents	of	the	media,	while	the	scattering	coefficient	informs	on	its	structure.	Using	
the	 resulting	 values,	 it	 is	 possible	 to	 compute	 absolute	 values	 of	 the	 chromophores	
concentrations	(Fantini,	1995;	Wolf	et	al.,	2008a).	FD	systems	are	able	to	provide	more	
parameters	with	respects	to	CW	machines,	with	a	better	signal	SNR.	However,	it	should	












TPSF	 (Torricelli	 et	 al.,	 2014).	 In	 this	way,	 absolute	 values	 of	 absorption	 and	 reduced	
scattering	 coefficient	 can	 be	 computed,	 similarly	 to	 multidistance	 FD-fNIRS	 systems.	











The	 approach	 guarantees	 high	 sensitivity	 (due	 to	 the	 photon	 counting	modality)	 and	
direct	information	on	depth	penetration;	however,	relatively	expensive	and	less	portable	










&	 Emberson,	 2015).	 Briefly	 overviewing	 the	 peculiar	 technical	 specifications	 of	 most	
popular	neuroimaging	 approaches	will	 help	





case	 of	 EEG	 and	 magnetoencephalography	
(MEG)	 or	 indirectly	 measuring	 the	
hemodynamic	response,	like	fMRI	and	fNIRS,	
or	 the	 metabolic	 response,	 like	 positron	
emission	tomography	(PET).		
In	the	last	decade,	a	considerable	number	of	
resting	 state	 studies	 in	 newborns	 has	 been	
conducted	 using	 fMRI.	 This	 methodology	
enables	 non-invasive	 measurement	 with	
good	 spatial	 resolution	 (~	 mm)	 and	 has	
understandably	 become	 the	 reference	
standard	 for	 the	 neuroscience	 community.	
With	 a	 robust	 and	 reproducible	 signal,	 this	
Figure 2.4	 Representation	 of	 a	 qualitative	
comparison	 between	 different	 neuroimaging	
methods	in	use,	on	the	basis	of	various	technical	
parameters.	 With	 a	 low	 degree	 of	 tolerance	
required	 from	 the	 infant	 subject	 and	 a	 good	
trade-off	 between	 spatial	 and	 temporal	
resolution,	 fNIRS	 represents	 a	 promising	
alternative	to	the	most	popular	fMRI	and	EEG	for	





technique	 is	 capable	 to	 simultaneously	map	multiple	 networks,	 thus	 providing	 a	 rich	
description	of	spatially	distributed	whole	brain	activity.	However,	a	 limited	acquisition	
rate	 determines	 a	 lower	 temporal	 resolution	 for	 fMRI	 compared	 to	 fNIRS	 that,	 on	 the	
contrary,	acquires	data	up	to	hundreds	of	Hertz	(Huppert,	Hoge,	Diamond,	Franceschini,	
&	 Boas,	 2006).	 This	 produces	 a	 more	 detailed	 temporal	 description	 of	 hemodynamic	
response	 in	 optical	 imaging.	 Furthermore,	 fMRI	 presents	 disadvantages	 during	







it	 is	 problematic	 to	manage	 the	 safety	 issues	 regarding	 the	MR	 scanner	 in	 non-verbal	
subjects.	Sudden	movements	are	frequent	during	the	newborns’	sleep;	dealing	with	these	
movement	artifacts	is	difficult,	also	because	of	the	limited	tolerance	of	available	motion	




not	 completely	 suitable	 for	 studies	 included	 in	 a	 standard	 screening	 program	 or	 for	
frequent	and	repeated	measurements	on	the	same	infant.		
PET	 belongs	 to	 the	 family	 of	 indirect	 techniques,	 like	 fMRI,	 but	 is	 definitively	 more	
invasive.	Indeed,	it	requires	the	injection	in	the	body	of	a	radioactive	tracer	and,	exploiting	




is	widely	 used	 for	 developmental	 studies	 especially	 in	 awake	 children,	while	 still	 less	
employed	 for	 resting-state	 functional	 investigations	 at	 birth	 (Orekhova	 et	 al.,	 2014;	
Tokariev,	Videman,	Palva,	&	Vanhatalo,	2016).	Cerebral	communication	is	regulated	by	
electrical	signals	between	neural	cells.	EEG	directly	monitors	the	electrical	brain	activity	










by	 electrical	 currents	 associated	 with	 neuronal	 activity,	 similarly	 to	 EGG,	 a	 direct	
measurements	 of	 brain	 activity.	 Despite	 the	 better	 spatial	 resolution,	MEG,	 like	 fMRI,	
requires	a	high	 level	of	 subject’s	 tolerance	and	suffers	 from	high	cost	of	 the	recording	
instrument	(Lloyd-Fox	et	al.,	2015;	Mohammadi-Nejad	et	al.,	2018).		
To	sum	up,	with	its	good	trade-off	between	spatial	and	temporal	resolution,	relative	low-
cost	 and	 ease	 of	 use	 in	 a	 non-compliant	 population,	 fNIRS	 represents	 a	 promising	
alternative	for	probing	infants	at	a	very	early	stage	of	life.	As	any	other	technique,	some	
limiting	factors	are	present.	Above	all,	spatial	resolution	of	~2-3	cm	is	lower	than	fMRI	(~	
mm)	 and	 the	 depth	 of	 penetration	 depends	 on	 the	 thickness	 and	 specific	 optical	
properties	 of	 superficial	 tissues	 (Fukui,	 Ajichi,	 &	 Okada,	 2003).	 For	most	 devices	 the	
number	of	channels	is	modest	(typically	tens)	and	a	sparse	array	hampers	the	ability	to	
explore	extended	networks.	Moreover,	fNIRS	can	only	detect	activity	from	the	surface	of	
the	 cortex,	 leaving	 out	 of	 range	 all	 medial-brain	 regions	 (like	 the	 hippocampus).	 In	
addition,	the	fNIRS	signal	is	contaminated	by	non-neural	contributes	from	scalp,	skull	and	
superficial	veins	that	are	crossed	twice	by	the	detected	photons	(Aslin	et	al.,	2015).	Lastly,	




it	 is	 silent	 and	 portable.	 This	 is	 fundamental	 for	measurements	 on	 preterm	 and	 term	
newborns	because	allows	comfortable	bedside	acquisitions	in	neonatal	unit	care,	without	
any	 acoustic	 noise	 (White	 et	 al.,	 2012).	 From	 a	 practical	 point	 of	 view,	 the	 cap	 fixes	
sources	and	detectors	to	the	scalp	without	requirement	of	rigid	head	stabilization,	thus	
enabling	measurement	with	 fewer	 constrictions	 on	 subjects	 than	 fMRI.	 This	 consents	
long-time	 continuous	 measurements	 (monitoring)	 and	 repeated	 acquisitions	 within	
short	intervals	(Wolf	et	al.,	2008b).	fNIRS	can	also	estimate	concentration	changes	in	both	




Moreover,	 infants	are	very	suitable	 for	 fNIRS	techniques	because	of	their	smaller	head	
size,	thinner	skull	and	minimal	hair,	all	of	which	increase	sensitivity	compared	to	adults.	
Technological	 advances	 in	 instrumentations	 ensure	 the	 possibility	 to	 obtain	 a	 dense	
probe	 with	 higher	 number	 of	 channels	 enabling	 multiple	 source-detectors	
measurements.	 High-density	 arrays	 of	 diffuse	 optical	 tomography	 (DOT)	 allow	 the	
regression	of	contributions	of	superficial	layers,	with	a	more	reliable	resulting	signal,	and	
the	 computation	 of	 volumetric	 images	 providing	 informative	 maps	 of	 hemodynamic	
activity.	As	qualitatively	evidenced	in	Figure	2.4,	spatial	resolution	is	higher	with	respect	
to	 the	 typical	 fNIRS	 systems	 and	 almost	 comparable	 to	 fMRI	 (Eggebrecht	 et	 al.,	 2012;	
Hassanpour	et	al.,	2014).	DOT	presents	all	advantages	of	optical	imaging	and	is	optimal	
to	probe	 infant	brain	 functions	at	bedside,	 in	 regular	nurseries	or	 intensive	care	units	
(Ferradal	et	al.,	2015;	White	et	al.,	2012);	nevertheless,	DOT	systems	in	use	often	cannot	








origins	 of	 the	 signal.	 However,	 using	 a	 reference	 anatomy	 and	 with	 the	 information	
provided	 by	multiple	 channels,	 it	 is	 possible	 to	 produce	 images	 of	 estimated	 cortical	


















the	 assumption	 of	 constant	 scattering	 in	 a	medium	 that	 therefore	 is	 approximated	 as	












= −𝒔 ∙ ∇𝐿(𝒓, 𝒔, 𝑡) − (𝜇 + 𝜇) ∙ 𝐿(𝒓, 𝒔, 𝑡)









vector	s;	the	term		−𝒔 ∙ ∇𝐿(𝒓, 𝒔, 𝑡)	is	due	to	energy	flow;	−(𝜇 + 𝜇) ∙ 𝐿(𝒓, 𝒔, 𝑡)	indicates	










the	 diffusion	 approximation	 of	 the	 RTE	 equation.	 Here,	 truncating	 the	 expansion	 in	
spherical	harmonics	of	the	radiance	at	the	first	order	it	is	possible	to	obtain:			

















































element	 method	 (BEM)	 (Arridge	 et	 al.,	 1993)	 or	 finite	 difference	 method	 (Pogue,	
Patterson,	Jiang,	&	Paulsen,	1995)	and	automatic	software	solvers	have	been	developed.		





















Specifically,	 F	 is	 the	 model	 of	 photon	 propagation,	 which	 allows	 the	 prediction	 of	




























Neglecting	higher	order	 terms,	 a	 linear	 approximation	of	 the	 forward	problem	can	be	
performed.	 At	 this	 point,	 solving	 the	 inverse	 problem	 consists	 in	 the	 inversion	 of	 the	
Jacobian	matrix	(or	sensitivity	matrix):	
	























volume	of	 the	head.	 The	Monte	Carlo	method	 is	 used	 to	 obtain	 the	 fluence	Φt(𝒓𝒔, 𝒓𝒅)	





	 𝐺(𝒓𝒔, 𝒓, 𝒓𝒅) = Φ(𝒓𝒔, 𝒓	)Φ|(𝒓, 𝒓𝒅)	 Eq.	19	
	
where	𝒓	represents	the	position	of	a	generic	point	in	the	3D	volume	of	the	head.	From	



































is	 the	 absorption	 coefficient	 variation	 in	 the	 volume	 of	 n	 voxels.	 Each	 element	 of	 the	






1998).	 The	 most	 common	 used	 approach	 is	 the	 Tikhonov	 regularization	 (Tikhonov,	
Goncharsky,	 Stepanov,	 &	 Yagola,	 1995)	 applied	 to	 the	 Moore-Penrose	 pseudoinverse	
definition.	In	this	way,	the	estimated	∆?̂?	is:	
	
















position	onto	 the	 object.	Here,	 the	 challenge	 is	 the	production	of	 rigorous	multilayers	
head	 models	 in	 which	 properties	 of	 different	 layers	 reflect	 the	 structure	 and	 optical	
characteristics	of	a	real	in	vivo	brain.	An	efficient	option	is	to	realize	volumetric	mesh-
based	models	starting	from	subject-specific	MRI	structural	images.	Especially	for	infants	


















at	 the	scalp,	are	analysed	directly.	Almost	all	 the	 few	studies	on	 infants	–	 immediately	















space.	White	 et	 al.	 (White	 et	 al.,	 2012)	used	DOT	measurements	 in	preterm	and	 term	
infants	 to	 reconstruct	 functional	 connectivity	 maps.	 Using	 a	 high-density	
instrumentation,	with	106	channels,	they	investigated	primarily	the	occipital	cortex.	The	





previous	 work,	 each	 participant	 was	 scanned	 using	 DOT	 and,	 subsequently,	 fMRI	
methods.	The	high	degree	of	spatial	agreement	between	connectivity	maps	–	obtained	
respectively	 from	 fMRI	and	 reconstructed	DOT	data	of	 term	newborns	 -confirmed	 the	
reliability	of	the	process.	However,	in	both	works	mentioned	above,	realistic	head	models	
were	 realized	 from	 subject-specific	 structural	 MRI	 images.	 This	 procedure	 is	
impracticable	for	large	monitoring	studies	and	undermines	the	benefits	of	the	portability	
of	 fNIRS.	 Moreover,	 even	 if	 the	 fMRI	 technique	 represents	 the	 reference	 point	 for	
functional	neuroimaging,	it	should	be	recognized	the	lack	of	a	ground	truth	for	functional	
connectivity	patterns,	and	it	remains	unclear	to	what	extent	the	resulting	correlation	map	
is	 influenced	 by	 different	 factors	 occurring	 in	 fNIRS	 measurements.	 	 To	 tackle	 this	
problem,	I	developed	an	approach	based	of	the	reconstruction	of	functional	connectivity	


















Aim	 of	 the	 present	 chapter	 is	 to	 present	 a	 functional	 connectivity	 study	 on	 neonates,	
scanned	 within	 their	 first	 two	 days	 of	 life.	 In	 particular,	 the	 work	 focused	 on	 the	
investigation	of	the	emergence	of	the	Default	Mode	Network	using	optical	imaging.	The	
DMN	 is	 anatomically	 distributed,	 and	 comprises	 regions,	 like	 the	 Precuneus,	 that	 are	
hardly	 accessible	 to	 fNIRS.	Here,	we	 have	 developed	 a	 probe	 that	 covers	 symmetrical	
regions	 of	 the	 parietal	 cortex.	 We	 aim	 to	 assess	 the	 presence	 of	 significant	
interhemispheric	correlations	between	the	 left	and	right	Lateral	Parietal	(LP)	cortices,	
key	 components	 of	 the	 DMN.	 Moreover,	 we	 entertained	 the	 hypothesis	 that	
anticorrelations	 between	 LP	 and	 the	 Intra-Parietal	 Sulcus,	 an	 element	 of	 the	 Dorsal	
Attention	network,	may	already	exist	at	birth.	This	 feature	 is	consistently	described	 in	
adults,	and	its	observation	would	provide	evidence	of	a	mature	functional	connectivity	







The	 non-invasive	 use	 of	 light	 to	 probe	 the	 brain	with	 fNIRS	 is	 a	 novel	 and	 promising	
methodology	 for	 studies	 in	 developmental	 age.	 As	 extensively	 discussed	 in	 Chapter	 1,	
fNIRS	 instrumentation	 is	 silent	 and	portable,	 allowing	measurements	 in	 neonatal	 unit	








optical	 imaging	 to	 efficiently	 describe	 resting	 state	 connectivity.	 Initially,	 functional	
connectivity	in	motor	and	visual	areas	have	been	registered	with	fNIRS	in	a	small	sample	
of	 healthy	 adult	 participants	 (White	 et	 al.,	 2009).	 Using	 seed-based	 correlations,	 the	
authors	observed	symmetrical	functional	responses,	reflecting	spatial	characteristics	of	
maps	previously	 described	with	 fMRI	 (Damoiseaux	 et	 al.,	 2006;	De	 Luca	 et	 al.,	 2005).	










using	both	methods	 to	acquire	 the	same	data	(Niu	&	He,	2014).	Particularly,	 the	well-
known	 network	 of	 Default	 Mode,	 as	 well	 as	 Dorsal	 Attention	 Frontoparietal	 Control,	
emerged	 from	 simultaneous	 fNIRS/fMRI	 acquisitions	 over	 the	 frontal,	 temporal	 and	
occipital	 cortices	 (Sasai	 et	 al.,	 2012).	 The	 experimental	 agreement,	 validated	 from	







successful	 observation	 of	 functional	 connectivity	 at	 rest,	 they	 paved	 the	 way	 to	
measurements	 at	 different	 stages	 of	 development	 (Homae	 et	 al.,	 2010).	 Indeed,	 the	
analysis	of	fNIRS	data	from	a	cohort	of	neonates,	3-months	and	6-months	old	subjects,	
revealed	 the	 capability	 of	 optical	 imaging	 to	 capture	 changes	 in	 cortical	 organization	

















However,	 whether	 a	 DMN-like	 network	 exists	 at	 birth	 remains	 controversial	 and	 the	
subject	of	 active	 investigation.	The	majority	of	 studies	on	 resting	 state	 connectivity	 in	
early	infants	–	with	particular	attention	to	the	inception	and	evolution	of	DMN	–	have	been	
performed	 using	 fMRI,	 in	 the	 attempt	 of	 registering	 the	 same	 spatial	 pattern	 already	
defined	in	adults.	In	this	study,	we	tested	the	hypothesis	of	an	effective	existence	of	DMN	
at	 term	 age,	 avoiding	 the	 research	 of	 a	 recurrent	 spatial	 pattern	 and	 proposing	 an	
alternative	approach,	based	on	an	a	priori	information	of	the	relationship	between	DMN	




Under	 these	 assumptions,	 we	 focused	 on	 the	 capability	 to	 detect	 a	 signature	 of	 DMN	
immediately	after	birth.	Further,	we	hypothesized	that	negative	correlations,	like	those	
observed	between	DMN	and	DAN	in	adults,	may	already	exist	at	a	very	early	stage	of	life.	
Therefore,	 the	 detection	 of	 interhemispheric	 homotopic	 correlations	 between	 the	
symmetrical	parietal	 regions	of	DMN,	 coupled	with	 the	 finding	of	 an	 intrahemispheric	

















most	 challenging	 and	 time-consuming	 factor	 of	 the	 present	 study	 and	 lasted	
approximately	 nine	 months.	 Considering	 the	 critical	 age	 of	 participants,	 the	 ethics	
commission	 of	 the	 University	 of	 Trento	 approved	 a	 rigid	 protocol	 for	 this	 study.	 The	































Figure	 3.1a):this	 geometric	 disposition	 provided	 an	 optimal	 coverage	 of	 an	 almost	
rectangular	area	(White	et	al.,	2012).	Twenty	channels	in	total,	10	for	each	hemisphere,	
probed	regions	of	interest.	The	distance	between	coupled	sources	and	detectors	was	fixed	







































EEG	 measurements),	 sleep	 patterns	 were	 controlled	 based	 on	 behavioral	 criteria.	















and	 alert	 aspect,	 regardless	 of	 body	movements.	 Based	 on	 these	 criteria,	 acquisitions	
were	stopped	if	subject	showed	half-open	or	open	eyes.		
No	medical	sedation	was	administered.	Moreover,	a	camera	pointed	toward	the	subject’s	
face	allowed	an	online	monitoring	of	 the	acquisition,	 recording	video	and	audio	of	 the	
acquisition	in	place.	Later	inspection	of	recorded	videos	confirmed	potential	participant’s	
awake	 state	 or	 the	 presence	 of	 environmental	 noises,	 which	were	 critical	 criteria	 for	
subject	exclusion	from	the	study.		
In	 general,	 during	 the	 newborn’s	 sleep,	 sudden	 movements	 are	 frequent	 and	 this	
condition	 could	 cause	 an	 uncoupling	 between	 cap	 and	 scalp.	 In	 order	 to	 prevent	
movement	artifacts,	an	operator	held	the	cap	for	the	entire	duration	of	 the	acquisition	
(Figure	 3.3).	 Indeed,	 the	 designed	 cap	 was	 equipped	 with	 thin,	 non-elastic	 side-ties.	
However,	we	verified	 that	 tying	 the	 strings	 together	under	 the	 chin	was	an	 inefficient	
solution	to	guarantee	a	good	quality	acquisition	as	well	as	a	risk	factor	for	the	subject.	In	
order	 to	 avoid	 influencing	 the	 sleep	 state	 and,	 consequently,	 the	 resting	 state	
measurement,	we	excluded	the	possibility	that	a	parent	or	the	operator	hold	the	infant.	
This	would	have	introduced	an	affective	touch	component	in	the	study,	compromising	its	

























registering	 three	 different	 components	 of	 the	 signal	 detected	 at	 the	 scalp:	 AC	 and	DC	
components	 and	 the	 phase	 shift.	 Light	 sources	 are	modulated	 at	 high	 frequency	 (110	







recognition	of	 the	signal	coming	 from	each	source.	 	Generally,	 the	user	can	choose	the	
number	of	sources	simultaneously	emitting	light,	considering	that	each	set	is	“on”	for	20	









time	 series,	 hindering	 the	 identification	 of	 the	 hemodynamic	 response.	 Noise	 due	 to	
instrumentation,	physiological	oscillations	or	head	movements	can	affect	data	quality.		
Physiological	noise	represents	the	main	contribution	to	the	signal	recorded	with	optical	




be	 removed,	 in	 order	 to	 disclose	 the	 hemodynamic	 response.	 On	 the	 other	 hand,	
physiological	 parameters	 to	 which	 fNIRS	 is	 sensitive	 can	 be	 exploited	 to	 assess	 data	
quality.	 We	 considered	 the	 presence	 of	 heart	 beat	 in	 the	 raw	 signal	 as	 a	 sign	 of	 the	
reliability	of	data	and,	 if	 this	does	not	happen,	a	sufficient	reason	to	exclude	the	single	




All	 data	 incorporate	 a	 component	 of	 noise,	 which	 includes	 both	 instrumental	 and	
experimental	 contributions	 (Huppert,	 Diamond,	 Franceschini,	 &	 Boas,	 2009).	 High	
frequencies	characterizing	machine	noise	can	be	 removed	using	a	 low	pass	 filter	 (this	






imaging,	 artifacts	 usually	 occur	 when	 a	 movement	 of	 the	 head	 causes	 a	 temporary	
uncoupling	of	sources	and	detectors	to	the	scalp,	or	a	displacement	of	the	probe	on	the	
head,	 thus	 introducing	 a	 net	 discontinuity	 in	 the	 time	 series.	 Involuntary	 and	 sudden	








In	 the	 latter	 case,	 the	 uncoupling	 persisted	 until	 the	 end	 of	 acquisition.	 Moreover,	






























neonates’	mothers	were	 in	 good	health	 and	non-smokers.	Moreover,	 informal	 consent	
was	obtained	for	each	neonate	and	signed	by	at	least	one	parent	prior	to	the	acquisition.	


















14	 M	 38	 6	 33.5	 2970	 9	/	10	 21:18	 C	
15	 M	 41	 1	 36.5	 3960	 8	/	9	 17:01	 C	
23	 F	 39	 3	 34.5	 2970	 10	/	10	 20:03	 C	
24	 F	 41	 1	 33.0	 3120	 9	/	10	 14:07	 V	
26	 M	 39	 2	 35.0	 3500	 10	/	10	 22:14	 V	
27	 M	 38	 6	 33.0	 3360	 9	/	10	 47:26	 V	
29	 M	 39	 1	 34.0	 3050	 10	/	10	 42:34	 V	



















hemoglobin	 concentration	 signals	 from	 attenuation	 of	 light	 recorded	 (Cope	 &	 Delpy,	
1988).	 We	 used	 tabulated	 values	 for	 molar	 extinction	 coefficients	 (Prahl,	 1999).	 At	
wavelength	830	nm	εHBO	=	415	and	εHHb	=	2141.8;	at	690	nm	εHBO	=	1008	and	εHHb	=	778	
(molar	extinction	coefficients	are	expressed	in	l ∙ cmw ∙ molw).	Differential	path	length	
factors	were	obtained	from	a	dedicated	study	on	newborn	infants	(Duncan	et	al.,	1995):	
4.64	at	830	nm	and	5.41	at	690	nm.		
In	 order	 to	 remove	 cardiac	 (~	 2	 Hz	 in	 infants)	 and	 respiration	 (~	 0.6	 Hz	 in	 infants)	
contributes	from	the	total	signal,	we	filtered	resulting	concentration	data	to	the	frequency	
band	of	0.01	–	0.1	Hz.	This	choice	of	range	of	frequencies,	which	is	typical	for	resting	state	





Finally,	 for	 functional	 connectivity	 analysis,	we	 considered	 z-scored	 time	 series	 of	 the	
filtered	 oxy-hemoglobin	 and	 deoxy-hemoglobin.	 The	 duration	 of	 individual	
measurements	 depended	 on	 the	 degree	 of	 infant	 tolerance	 and	 quality	 of	 sleep.	 We	
registered	a	high	variability	 in	 length	of	good	data	quality	sections,	ranging	from	4701	








time	 series,	 one	 for	 each	 channel,	 respectively.	 Lastly,	 correlation	 matrices	 were	
computed	from	the	r	Pearson’s	correlation	coefficient	between	all	the	resulting	channels’	
time	series	pairs	(r	varied	 in	 the	range	 [-1,1]),	 for	both	HbO	and	HHb,	 to	describe	 the	




















that	met	 the	 rigid	 exclusion	 criteria.	 The	 20-channels	 probe,	 used	 for	 acquisitions	 on	
neonates,	was	designed	to	cover	the	LP	cortices,	part	of	the	DMN,	and	the	IPS,	which	is	
part	 of	 DAN.	 The	 measurements	 aimed	 to	 test	 the	 presence	 of	 homotopic	 positive	
correlations	and	negative	correlations	between	the	two	ipsilateral	areas	of	interest.		
In	previous	resting	state	fNIRS	studies,	only	variation	in	HbO	were	presented,	due	to	a	




















The	 left	 hemisphere	 exhibited	 an	 equally	uniform	behavior,	with	positive	 correlations	





confirmed	 a	 significant	 difference	 (p	 <	 0.001)	 between	 the	 mean	 left	 and	 right	
hemisphere	 intrahemispheric	 correlations	 	 in	 oxy-hemoglobin	 signal.	 Interestingly,	 no	
differences	at	specific	channels	level	have	been	found.		
Global	distribution	of	r	values,	represented	in	the	histogram,	confirmed	the	presence	of	
very	 weak	 negative	 correlations	 (minimum	 value	 at	 r	 =	 -0.23),	 which	 characterized	
predominantly	 the	 interhemispheric	 communication.	 Interestingly,	 analyses	 did	 not	
highlight	 homotopic	 interhemispheric	 correlations.	Moreover,	we	 did	 not	 register	 any	
competitive	 relationship	 between	 the	 two	 distinct	 areas	 of	 interest,	 within	 the	 same	








Figure	 3.1).	 Here,	 the	 separation	 of	 dynamics	 between	 the	 two	 hemispheres	 is	 clearly	
highlighted.		
We	repeated	the	same	analyses	on	concatenate	z-scored	deoxy-hemoglobin	time	courses.	
Results,	 in	 Figure	 3.7,	 are	 in	 complete	 agreement	with	 those	 already	 showed	 for	 oxy-
















that	 the	 existence	 of	 DMN	 in	 newborns	 is	 connected	 to	 the	 capability	 of	 detecting	 a	
landmark	of	the	network,	already	consistently	observed	in	older	populations	(M.	D.	Fox	
et	 al.,	 2005,	 2009).	 In	 general,	 in	 adults,	 positive	 correlations	 have	 been	 registered	
between	 functionally	 related	brain	 regions,	 as	well	 as	negative	between	brain	 regions	
showing	theoretically	opposed	functional	roles	(M.	D.	Greicius	et	al.,	2003)	(Kelly	et	al.,	
2008).	 Specifically,	 positive	 homotopic	 correlations	 have	 been	 observed	 in	



























































Some	 resting	 state	 studies	 have	 recently	 raised	 concerns	 about	 the	 interpretation	 of	
negative	 correlations.	 It	 has	 been	 suggested	 that	 anti-correlations	 could	 appear	 as	 a	
















































sum	 up,	 to	 date,	 no	 resting	 state	 fNIRS	 studies	 have	 yet	 focused	 precisely	 on	 the	
exploration	of	default	mode	network	at	this	stage,	specifically	in	the	first	two	days	of	life.	
Our	 study	 confirmed	 previous	 findings	 on	 the	 absence	 of	 an	 opposite	 relationship	
between	 the	 two	 networks	 under	 investigation.	 However,	 the	 lack	 of	 a	 consensus	 in	
literature	 on	 the	 maturation	 of	 DMN	 at	 birth	 precludes	 a	 direct	 connection	 of	 the	
outcomes	with	the	level	of	development	of	the	network.		




























reconstruction	 of	 cortical	 origins	 of	 hemodynamic	 signal	 is	 well	 established	 in	 high-




The	 present	 study	 would	 benefit	 from	 further	 improvements.	 Firstly,	 it	 would	 be	
important	to	increase	the	number	of	participants.	Certainly,	the	sample	we	investigated	
is	small:	as	often	happens	in	 infant	studies,	 the	drop	out	rate	 is	very	high,	 involving	in	
average	 at	 least	 the	 40%	 of	 the	 initial	 data	 set	 (Lloyd-Fox,	 Blasi,	 &	 Elwell,	 2010).	 In	
addition,	 we	 included	 only	 subjects	 that	 satisfied	 rigid	 inclusion	 criteria,	 to	 avoid	
introducing	spurious	correlations	in	our	analyses.	Thus,	results	can	be	considered	reliable	
even	 if	 a	 higher	 statistics	 is	 necessary	 to	 consolidate	 our	 conclusions.	 Moreover,	




























Despite	 the	 numerous	 technical	 advantages	 of	 fNIRS	 application	 to	 functional	
connectivity	developmental	studies,	optical	imaging	comes	with	multiple	challenges.	One	
of	the	most	critical	issues	concerns	the	definition	of	an	optimal	probe	design.	Ideally,	in	
order	 to	 comprehensively	describe	 the	global	dynamics,	 the	 full	 coverage	of	 the	brain	






sensitivity	 and	 to	 separate	 the	 confounding	 superficial	 contributions	 from	 the	 deep	
cortical	component	of	the	signal,	collected	at	the	scalp	(G.	E.	Strangman,	Li,	&	Zhang,	2013;	
White	&	Culver,	2010).	To	date,	high	density	caps,	ensuring	whole-brain	coverage,	have	
been	 used	 for	monitoring	 cortical	 hemodynamic	 in	 an	 early	 preterm	 (Galderisi	 et	 al.,	
2016)	and		a	term	newborn	(Singh	et	al.,	2014)	-	testing	in	both	cases,	only	one	patient.	










been	 employed	 to	 inspect	 frontal,	 temporal,	 parietal	 and	 occipital	 regions	 in	 preterm	
newborns	 (Fuchino	 et	 al.,	 2013),	 term	 neonates	 and	 infants	 of	 3-	 and	 6-months	 old	
(Homae	 et	 al.,	 2010)	 during	 natural	 sleep	with	 an	 almost	 comprehensive	 coverage	 of	
brain.	In	these	works,	the	connectivity	is	usually	inferred	from	fNIRS	signals	collected	by	
sources	and	detectors	distributed	onto	the	scalp.	The	functional	analysis	conducted	in	the	
sensor	 space	 typically	 results	 in	 a	 coarse-grained	 description	 of	 activity	 distribution,	
which	represents	a	critical	limiting	factor.		However,	with	an	acceptable	spatial	resolution,	
usually	achieved	using	DOT	configurations,	it	is	possible	to	recover	a	global	description	of	
absorption	 variations	 and	 to	 reconstruct	 the	 information	 for	 each	 node	 or	 voxel	 of	 a	
digital	reference	brain.	Thus,	 the	analyses	can	be	shifted	 in	 the	so-called	source	space,	
where	 the	 hemodynamic	 response	 has	 its	 origin.	 In	 resting	 state	 studies,	 the	 process	
allows	the	definition	of	three-dimensional	functional	connectivity	visualizations,	similar	
to	 those	 obtained	 from	 fMRI	 data.	 These	 maps	 could	 complement	 the	 channel-based	
description,	 informing	 in	 a	 comprehensive	 way	 on	 the	 anatomical	 localization	 of	
activations	and	facilitating	the	interpretation	of	the	results.		
In	 order	 to	 obtain	 a	 three-dimensional	 image	 reconstruction,	 it	 is	 firstly	 necessary	 to	
define	a	model	of	photon	migration	capable	of	simulating	the	light	propagation	through	
the	 head.	 A	 forward	 model	 allows	 the	 prediction	 of	 changes	 in	 scalp	 measurements	
assuming	a	prior	knowledge	of	changes	 in	optical	properties	of	 the	head,	 thus	relating	
source	 space	 to	 sensor	 space.	 Different	 discrete	 approaches,	 such	 as	 Finite	 Element	
Method	or	numerical	Monte	Carlo	simulation,	can	be	used	to	solve	the	photon	migration	
problem	 (Arridge	&	 Schotland,	 2009;	Boas,	 Culver,	 Stott,	&	Dunn,	 2002;	 Fang	&	Boas,	
















section	 2.6.2).	 This	 process	 has	 been	 implemented	 and	widely	 applied	 to	 reconstruct	
oxygenation	 changes,	 especially	 in	 adult	 head	 (Cooper	 et	 al.,	 2012).	 However,	 the	





In	 this	 Chapter,	 we	 present	 work	 on	 the	 validation	 of	 the	 reconstruction	 of	 spatially	
distributed	functional	signals	on	a	dedicated	anatomical	template,	applied	to	functional	
connectivity	 studies	 in	 infants.	 The	 aim	 is	 to	 assess	 the	 reliability	 of	 a	 source-based	
functional	connectivity	representation,	able	to	enrich	the	popular	sensor-based	analysis	
approach.	Specifically,	we	studied	the	impact	of	different	experimental	factors,	like	probe	
size	 and	 geometry,	 and	 Signal-to	 Noise	 ratio	 (SNR)	 on	 the	 inverse	 reconstruction	 of	
optical	 data	 acquired	 on	 infants.	 This	 analysis	 provides	 guidance	 to	 optimize	 probe	
design,	 and	 to	 appreciate	 the	 factors	 that	 determine	 the	 reliability	 of	 the	 method.	
However,	 the	 assessment	 of	 the	 quality	 of	 the	 reconstructed	 spatial	 patterns	 is	
challenging,	due	to	the	 lack	of	a	benchmark.	To	this	purpose,	we	simulated	absorption	
changes	at	the	cortical	level	in	order	to	define	a	ground-truth.	Specifically,	we	generated	
a	 synthetic	 pattern	 of	 correlated	 activity	 fluctuations	 resembling	 the	 Default	 Mode	
Network	(DMN),	in	the	presence	of	various	levels	of	noise.	In	addition,	we	explored	the	
influence	 of	 the	 presence	 of	 negative	 correlations	 on	 the	 reconstruction	 process,	
introducing	in	the	analyses	the	contribution	of	anticorrelations	to	the	synthetic	spatial	
























including	 scalp	 and	 skull	 tissues),	 cerebrospinal	 fluid	 (CSF),	 gray	matter	 (GM),	










































obtained	 a	 large	 probe	 of	 124	 sources	 and	 133	 detectors,	 symmetrically	 arranged	
between	 hemispheres.	 By	 definition,	 distances	 of	 adjacent	 reference	 points,	 in	 10-5	
system,	correspond	to	the	10%	and	5%	of	the	total	distance	of	the	curves	defined	onto	the	













in	 the	 emergence	 of	DMN.	 Considering	 only	 pairs	 in	 the	
above-cited	range	of	distances,	we	defined	a	probe	of	32	
channels.	 The	 first	 two	 optodes	 arrangements	 were	
simulated	in	order	to	test	the	impact	of	the	size	of	the	array	
on	the	final	reconstruction,	provided	an	ideal	geometry	–	
with	 a	 large	 number	 of	 overlapping	 measurement	
channels.	









probe	 projection	 process	 onto	 the	
scalp	 mesh,	 using	 Blender.	 We	
worked	 with	 the	 two	 hexagonal	
components	 of	 the	 probe	 (one	 for	
hemisphere)	 separately.	 Scalp	 was	













the	mapping	of	 2D	 flat	 objects	 on	 volumetric	meshes.	 The	 advantage	of	Blender,	with	
respect	to	other	available	tools	such	as	AtlasViewer	in	Homer2	(Aasted	et	al.,	2015)	is	the	
request	 of	 only	 2	 points	 for	 the	 projection.	 	 We	 produced	 two	 distinct	 hexagonal	
arrangements	 and	 mapped	 one	 hemisphere	 at	 a	 time	 (Figure	 4.2).	 Four	 symmetric	
optodes	were	anchored	to	C3,	P3	of	10-5	EEG	system	(Jurcak	et	al.,	2007)–	and,	on	the	
opposite	 hemisphere,	 to	 C4	 and	 P4	 –	 and	 a	 dedicated	 wrapping	 algorithm	 has	 been	
applied.		
Finally,	 the	 last	 configuration	 reflected	 the	 probe	 used	 in	 a	 different	 resting	 state	
investigation	on	4-days	old	 term	neonates	by	 (Homae	et	 al.,	 2010).	 Frontal,	 temporal,	
parietal	and	occipital	areas	of	each	hemisphere	were	investigated	with	a	sparse	probe	of	
94	channels,	characterized	by	a	source-detector	distance	fixed	at	∼2	cm.	In	this	case,	the	
coverage	 of	 the	 brain	 is	 certainly	 more	 extended,	 with	 only	 a	 gap	 in	 the	 center.	
Considering	the	average	age	of	the	sample,	also	in	this	case	the	40th	week	of	4D	Atlas	can	


















et	 al.,	 2004).	 Of	 course,	 in	 vitro	 (or	 post	 mortem)	 and	 in	 vivo	 measurements	 return	
dissimilar	values	due	to	a	number	of	physiological	factors,	such	as	the	variation	of	blood	
content,	structural	changes	or	difference	in	temperature.	From	a	technical	point	of	view,	
even	 though	 continuous	 wave	 instrumentations	 are	 widely	 diffused	 for	 near-infrared	
studies,	they	are	not	feasible	to	determine	absolute	and	separated	values	for	absorption	
and	reduced	scattering	coefficients.	Thus,	hemoglobin	concentrations,	from	which	optical	
properties	will	 be	derived,	 are	 generally	 estimated	 through	multi-distance,	 frequency-
domain	 or	 time-domain	 approach.	 However,	 despite	 the	 vast	 amount	 of	 available	
literature	on	fNIRS	cognitive	studies	on	infants,	a	limited	number	of	papers	have	focused	
on	the	assessment	of	in	vivo	optical	properties	of	the	newborn’s	head.	Moreover,	some	of	




be	 reckoned	 with	 is	 the	 age	 of	 the	 subject:	 values	 obtained	 from	 an	 early	 preterm	
population	(Ijichi	et	al.,	2005),	would	not	be	representative	in	our	case.	In	view	of	this,	we	













a	 detector	 (in	 blue)	 to	 well-known	 points	 of	 the	 system.	 Optodes	 positions	 for	 the	 first	 realistic	
configuration	 (20	 channels)	 were	 obtained	 after	 a	mapping	 of	 a	 linear	 geometry	 onto	 the	 Atlas	 scalp.	
Coordinates	of	the	last	arrangement	were	provided	by	the	authors	of	the	study	(Homae	et	al.,	2010).	Green	





















ECT	 0.017	 17.50	 0.9	 1.3	
CSF	 0.004	 0.32	 0.9	 1.3	
Gray	matter		 0.048	 5	 0.9	 1.3	
White	matter	 0.037	 10	 0.9	 1.3	
Brainstem	 0.037	 10	 0.9	 1.3	

























the	 current	 element.	 The	 resulting	 photon	 weight	 is	 distributed	 to	 the	 nodes	 of	 the	





crossed	 by	 the	 photon.	 The	 last	 leg	 of	 the	 path	 is	 the	 detector	 position,	 where	 the	
algorithm	returns	the	exiting	photon	flux.	At	the	end,	this	quantity	is	divided	by	the	total	







other	 similar	 solvers,	 is	 the	 capability	 to	 handle	 complex	heterogeneous	domains	 and	
meshes	with	complex	element	shapes,	such	as	tetrahedral	ones.	Moreover,	the	method	








Figure	 4.4	 	 From	 source	 and	 detector	 positions	 to	 cortical	 sensitivities.	 Starting	 from	 the	 optodes	
















Thus,	 from	 the	 resulting	 contributes,	 we	 obtained	 the	 complete	 Jacobian	 –	 usually	
referred	 to	 as	 sensitivity	 matrix.	 Rows	 of	 the	 sensitivity	 matrix	 represented	 single	
measurements	profiles	and	provided	information	on	the	spreading	of	light,	ascribed	to	a	
specific	channel;	on	the	other	hand,	columns	represented	sensitivity	of	the	whole	brain	to	
a	 specific	 node	 of	 the	 head	mesh.	 At	 the	 end,	 four	 different	 sensitivity	matrices	were	
estimated,	one	for	each	probe	configuration.		
The	 resulting	 Jacobian	matrix	 gives	 volumetric	 information.	 However,	 from	 this	 stage	
forward,	we	constrained	the	process	to	the	cortex,	projecting	the	three-dimensional	map	
onto	 the	 superficial	 grey	 matter	 mesh.	 To	 this	 end,	 we	 associated	 each	 node	 of	 the	























origin	 of	 hemodynamic	 responses	 is	 a	 challenging	process.	 Thus,	 a	 solid	 ground-truth	
reference	is	necessary	to	compare	the	results	of	the	reconstruction.	Since	our	research	
interest	focused	on	the	emergence	of	DMN	in	newborns,	we	created	a	synthetic	pattern	of	







areas	of	 the	grey	matter	mesh.	Cortical	nodes	 involved	 in	our	synthetic	network	were	
located	inside	spheres,	centered	on	the	reference	points.	Sphere	radii	were	set	to	3	mm	
for	parietal	and	prefrontal	nodes	and	to	1.5	mm	for	sulcus	activations.		




activation.	 The	 latter	 can	 be	 obtained	 from	 an	 experimental	 design	 or	 a	 resting	 state	
condition.	To	every	node	 involved	 in	 the	pattern	of	 activations,	we	assigned	 the	 same	
resting	state	signal	–	created	using	the	simTSrestingstate	function.	Our	artificial	DMN	is	
now	mapped	 out,	 resulting	 in	 correlation	=	 1	 (resulting	 from	 identical	 time	 courses)	
between	 involved	mesh	 points	 and	 correlation	=	 0	 elsewhere.	 In	 order	 to	 reproduce	
realistic	experimental	conditions,	we	injected,	in	each	node	of	the	mesh,	noise	time	series	
that	were	 independently	 generated	 from	 a	mixture	 of	 system	 and	 physiological	 noise	
contributions.	In	detail,	a	physiological	noise	source	is	responsible	for	possible	artifacts	
due	 to	respiratory	rate	and	heartbeat.	Thus,	 it	 is	defined	by	sine	and	cosine	 functions,	











reconstruction	 process	 is	 crucial	 to	 assess	 the	 reliability	 of	 the	method	 for	 functional	
connectivity	studies.	Therefore,	we	created	a	second	pattern	of	activations,	in	particular	





cortical	nodes	within	a	 sphere	of	2	mm	radius,	 centered	on	 the	new	reference	points.	
Resting	state	and	noise	time	series	were	introduced	with	the	procedure	described	above.	
However,	with	the	aim	to	produce	anticorrelations,	here	we	injected	a	resting	state	time	










blue	 rectangle)	 and	 resting	 state	 time	 series	 of	 12000	 time	 points	were	 	 generated	 using	 Neurosim	 R	








































inclusion	 criteria.	 Good	 positioning	 of	 the	 probe,	 quietness	 and	 low	 ambient	 light	





















well	 specified	 that	 no	 motion	 artifacts	 were	 detected.	 In	 addition,	 behavioral	 factors	





Dealing	 with	 synthetic	 absorption	 variations,	 we	 needed	 to	 implement	 the	 simulated	


























necessary	 to	 extract	 absorbance	 variations.	 For	 the	 first	 dataset,	 the	 values	 were	
extracted,	for	both	wavelengths,	from	individual	signals,	using	the	relationships:		
	
∆𝐴z = 	 𝜀âãä(𝜆) 	 ∙ 	∆𝐶
²
âãä +	𝜀|æâãä(𝜆) 	 ∙ 	∆𝐶²|æâãä		
∆𝐴z = 	 𝜀âãä(𝜆¡) 	 ∙ 	∆𝐶
²
âãä +	𝜀|æâãä(𝜆¡) 	 ∙ 	∆𝐶²|æâãä	
	
where	𝜆	and	𝜆¡	are	the	specific	NIRS	wavelengths	of	the	instrumentation	in	use,	in	this	
case,	 830	 nm	 and	 690	 nm,	 respectively	 ;	 ∆𝐶²	 indicates	 changes	 in	 concentration	 we	
estimated	from	attenuation	of	light	recorded	at	the	scalp;	values	of	extinction	coefficients	
are	 tabulated	 in	 (Prahl,	 1999)	 and	 ,	 specifically,	 𝜀âãä(𝜆)	=	 415,	 𝜀|æâãä(𝜆)	=	 2141.8,	
𝜀âãä(𝜆¡)=1008,	𝜀|æâãä(𝜆¡)	=	778	(molar	extinction	coefficients	are	expressed	in	l ∙ cmw ∙
molw).		
In	 the	case	of	 Japanese	dataset,	absorbance	measures	were	obtained	directly	 from	the	
machine.		
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Exploiting	 the	 availability	 of	 the	 ground-truth	 pattern,	 we	 defined	 some	 quantitative	
metrics	to	describe	more	accurately	the	influence	of	different	experimental	factors	on	the	
results.		We	chose	to	investigate	the	variations	in	the	position,	extension	and	shape	of	the	
































were	 defined	 using	 a	 seed-based	 analysis.	 Above	 the	 regions	 of	 interest,	we	 localized	
reference	 points	 that	 became	 the	 centers	 of	 a	 sphere	with	 radius	 1.5	mm.	 Seed	 time	
courses,	for	each	region	of	interest,	were	derived	from	the	average	of	all	the	time	series	
associated	to	cortical	nodes	in	this	sphere.		
Connectivity	 maps	 were	 computed	 from	 the	 correlations	 between	 seed	 and	 all	 time	
courses	 associated	 to	 cortical	 nodes.	 We	 obtained	 functional	 maps	 from	 original	
activations	 (we	 injected	 directly	 into	 the	 cortex)	 and	 reconstructed	 activations.	 The	
former	represented	the	ground-truth	we	used	for	assessing	the	goodness	of	the	method.	
The	 reconstruction	 of	 real	 data	 allowed	 the	 comparison	 between	 the	 sensor-based	









channel	 probe	 with	 the	 same	 	 geometry	 of	 the	 extended	 one,	 in	 term	 of	 density	 of	
channels,	but	with	coverage	of	parietal	areas	of	DMN;	a	20-channels	probe	designed	to	
cover	the	LP	regions	of	DMN	and	IPS	within	DAN;	a	94	channels	array,	original	employed	



















































Synthetic	absorption	variations	were	spatially	organized	 in	order	 to	emulate	 the	DMN	
pattern.	All	of	the	available	arrangements	were	able	to	cover,	at	least	partially,	regions	of	






into	 the	cortex	at	different	 levels	of	SNR,	with	 the	 largest	arrangement	of	 sources	and	
detectors.	The	correlation	was	estimated	using	a	seed	placed	in	the	right	parietal	region.	
As	highlighted	by	the	projection	of	the	volumetric	sensitivity	onto	the	grey	matter,	the	
probe	 allowed	 investigating	 the	whole	 brain	 uniformly.	With	 SNR	30,	we	 obtained	 an	
accurate	reconstruction	of	the	ground-truth	pattern.	It	was	possible	to	discern	different	
loci	of	activations,	which	maintained	their	original	shape	and	position,	even	though	they	















longer	 entirely	 preserved.	 Indeed,	 borders	 became	 irregular	 and	 fuzzy.	 This	 time,	 the	




appeared	 fragmented.	 	We	observed	similar	dynamics	 in	reconstructions	at	SNR	=	10,	




The	 synthetic	 pattern	 was	 also	 reconstructed	 with	 the	 probe	 geometry	 used	 for	 our	
experiment	(Figure	4.13).	The	probe	covered,	by	a	large	margin,	the	parietal	activations,	
which	were	roughly	reconstructed.	It	was	still	possible	to	recognize	the	presence	of	two	
main	correlated	contributions,	but,	 in	 the	resulting	maps,	 the	shape	of	activations	was	
consistently	enlarged,	 in	both	SNR	=	30	and	SNR	=	10.	Even	at	high	SNR,	 it	should	be	
noted	 the	 presence	 of	 a	 compact	 band	 of	 negative	 correlations,	 adjacent	 to	 the	 set	 of	
positive	correlated	nodes.	The	effect	of	noise	is	critical	in	the	last	case	where,	at	SNR	=	1,	















We	 tested	 the	 process	 of	 image	 reconstruction	 keeping	 intact	 the	 modalities	 above	
described,	 but	 introducing	 at	 the	 scalp	 a	 different	 synthetic	 configuration	 of	 spatially	
distributed	 activations.	We	 simulated	 the	 competitive	 relationship	 between	 DMN	 and	
DAN,	adding	to	the	previous	pattern	two	symmetric	foci	of	activations,	anticorrelated	with	
the	 rest	 of	 the	 network.	 The	 summary	 table	 in	 Figure	 4.15	 illustrates	 the	 resulting	













effects	 of	 a	 low-density	 arrangement	 on	 the	 process.	 At	 maximum	 SNR,	 the	 map	 of	
functional	connections	seemed	to	be	characterized	by	a	sharp	bimodal	behavior.	Indeed,	
positive	 correlated	 structures	 permeated	 the	 posterior	 half	 part	 of	 the	 entire	 area	 to	
which	 probe	 is	 sensitive.	 On	 the	 other	 hand,	 an	 extended	 component	 of	 negative	









       Figure	4.11	Spatial	maps	of	reconstructed	pattern	of	correlations	obtained	at	different	 levels	of	SNR,	
using	a	probe	of	997	channels.	At	the	top	on	the	left,	 the	original	configuration	introduced	in	the	cortex	


















































introduced	 at	 cortical	 level.	 Considering	 one	 activation	 at	 a	 time,	 we	 computed	 the	
distance	 between	 original	 and	 reconstructed	 regions’	 centroids	 and	 the	 difference	





metric	 and	 each	 threshold,	 we	 showed	 the	 average	 value	 calculated	 among	 all	 the	
activations	within	the	pattern.		
It	can	be	noted	that	metrics	at	SNR	30	and	SNR	10	showed	similar	behaviors.	In	this	cases,	
the	 reconstructed	 activations	 preserved	 their	 original	 positions	 (Figure	 4.16),	 if	 the	
correlation	 threshold	 was	 greater	 than	 0.4.	 The	 suboptimal	 performances	 below	 this	
threshold,	 shown	 in	 Figure	4.16,	were	 also	 noticed	 computing	 the	difference	between	
areas	 of	 original	 and	 reconstructed	 activations	 (Figure	 4.17).	 It	 can	 be	 noted	 that	 for	
thresholds	 greater	 than	 0.6,	 at	 SNR	 10,	 negative	 values	 are	 registered,	 suggesting	 a	
considerable	 area’s	 reduction	 of	 the	 reconstructed	 activation.	 The	 observation	 of	 the	
Jaccard	index	trade	(Figure	4.18)	confirmed	this	peculiarity	of	data	at	SNR	10:	indeed	the	
percentage	of	nodes	in	common	between	original	and	reconstructed	regions	decreased	at	





trade-off	 between	 removal	 of	 spurious	 correlations	 and	 preservation	 of	 informative	



























Figure	 4.17	 Differences	 between	 areas	 of	 original	 activations	 and	 correspondent	 reconstructed	 ones,	











Figure	4.19	Hausdorff	 distance	 estimated,	 at	 different	 SNR	values,	 between	 correspondent	 original	 and	






















997	channels	 0.88	±	0.17	 46.38	±	27.15	 1.9	±	0.52	 0.7	±	0.02	
32	channels	 0.93	±	0.67	 33.20	±	28.18	 6.21	±	3.24	 0.7	±	0.01	
20	channels	 2.65	±	1.98	 251.87	±	156.52	 3.65	±	1.77	 0.51	±	0.22	


















997	channels	 1.39	±	0.05	 45.73	±	14.39	 2.41	±	0.07	 0.54	±	0.01	
32	channels	 - 	 - 	 - 	 - 	
20	channels	 5.73	±	0.38	 446.31	±	9.85	 9.12	±	0.30	 0.2	±	0.02	













from	 the	 first	 dataset	 of	 eight	 subjects,	 using	 a	 probe	 of	 20	 channels.	 Observing	 the	
representation	of	spatially	distributed	functional	contributions,	the	remarkable	similarity	
between	the	maps	referring	to	the	two	different	wavelengths	is	evident.		However,	each	





























































Specifically,	 in	 the	 case	 of	 temporal	 and	 occipital	 seeds	 the	 lack	 of	 interhemispheric	
connectivity	 was	 well	 represented	 also	 in	 the	 reconstructed	maps.	When	 seeds	 were	
chosen	 in	 the	parietal	 areas,	 the	 three-dimensional	descriptions	accounted	 for	 a	more	







In	 recent	 years,	 fNIRS	 has	 been	 established	 as	 a	 powerful	 mean	 to	 investigate	 brain	
dynamics,	 in	 particular	 in	 vulnerable	 and	 non-verbal	 populations,	 such	 as	 neonates.	
Specifically,	the	technique	is	 ideal	to	perform,	at	a	very	early	stage	of	 life,	resting-state	
studies	 that	 require,	among	others,	a	 silent	environment	and	a	 total	non-invasiveness.	
However,	functional	connectivity	in	neonates	is	usually	inferred	from	a	discrete	channel-










functional	 signals	 onto	 a	 dedicated	 anatomical	 template	 for	 newborns.	 As	 with	 other	













first	 configuration	 contemplated	 was	 highly	 unrealistic,	 because	 capable	 to	 cover	 the	
whole	brain	using	almost	one	 thousand	channels.	 Indeed,	 the	state	of	art	 for	neonates	





connectivity	 maps	 was	 highly	 precise	 and	 reliable.	 The	 final	 functional	 description	
appeared	 remarkably	 comparable	 to	 the	 ground-truth	 functional	 map,	 in	 terms	 of	
position,	 shape	 and	 total	 areas	 of	 activations.	 This	 observation	was	 confirmed	 by	 the	
quantitative	 metrics	 we	 computed,	 which	 showed,	 in	 this	 case,	 minimal	 shift	 of	 the	
reconstructed	activations,		low	variation	in	shape	and		high	ratio	of	nodes	shared	with	the	
ground-truth.	 If	 compared	with	 the	other	probe	configurations,	 the	997	channel	array	
showed	lowest	values	of	centroid	and	Hausdorff	distances.	The	32	channels	probe	seems	
to	result	in	a	smaller	difference	in	area,	but	it	should	be	noted	that	the	standard	error	of	
the	mean	 is	much	 larger	 for	 this	probe.	We	might	associate	 the	goodness	of	 the	result	
mainly	to	the	presence	of	overlapping	and	multi-distance	source-detector	pairs	that,	as	
already	 demonstrated	 (Boas	 &	 Dale,	 2005;	 Durduran,	 Choe,	 Baker,	 &	 Yodh,	 2010),	
generally	improve	the	image	reconstruction,	also	because	it	facilitates	depth	localization.	
A	 large	 coverage	 of	 the	 head	 plays	 a	 key	 role	 on	 the	 quality	 of	 the	 reconstruction.	
However,	this	condition	is	not	sufficient,	as	suggested	by	the	outcomes	in	the	case	of	an	
extended	probe	with	low-density	optodes	arrangement	(using	94	measurements).	Here,	
the	 reconstruction	 presented	 a	 larger	 shift	 of	 the	 position	 with	 respect	 to	 the	 997-
channelss	probe	and	a	general	worsening	of	the	quantitative	metrics,	due	to	the	lack	of	
overlapping	channels.	Surprisingly,	we	did	not	register	a	strong	 improvement	 from	20	









of	 the	DMN.	 In	 this	 case,	 the	disposition	of	 optodes	was	 still	 valid	 to	 return	a	 reliable	
functional	connectivity	map,	but	we	observed	a	less	precise	localization	of	the	two	lateral	




channel	 structure,	 keeping	 limited	 the	 brain	 coverage.	 This	 time,	 channel	 disposition	
corresponded	 to	 those	 used	 in	 previous	 experimental	 acquisitions.	 Here,	 as	 it	 often	
happens,	 the	need	of	 the	arrangement	 to	be	 sensitive	 to	 specific	 areas	of	 interest	–	 to	
capture	 the	 relationship	 between	DMN	 and	DAN	 -	 and	 the	 small	 number	 of	 available	
sources	 and	 detectors	 prevented	 the	 use	 of	 overlapping	 and	 multi-distance	





This	 suggests	 a	 remarkable	 enlargement	 of	 the	 average	 activations	 areas	 and	 a	
suboptimal	 reconstructed	 functional	 connectivity	 map.	 In	 the	 last	 case,	 the	 map	 of	
functional	connectivity,	reconstructed	in	the	source	space,	derived	from	a	sparse	system	





probes,	 further	 evidences	 about	 the	 issue	 emerged	 observing	 the	 outcomes	 at	 very	
disadvantageous	 conditions	 (SNR	 =	 1).	 In	 this	 case,	 the	 detected	 signal	 is	 almost	
completely	 hidden	 under	 the	 noise	 component.	 Therefore,	 the	 method	 returned	
reconstructions	of	Gaussian	noise	patterns,	in	the	form	of	alternate	positive	and	negative	
small	clusters	of	correlations.	In	our	interpretation,	size	and	randomness	of	these	arrays	



















negative	 correlations,	 in	 the	 largest	 probes	 in	 form	 of	 a	well-defined	 halo	 around	 the	
positive	 activations,	 and	with	 a	 sparser	 distribution	 and	 diffused	 shape	 in	 the	 others.	
Initially,	we	hypothesized	that	the	localized	inversion	of	the	sign	of	correlation	could	be	
attributed	to	the	sharp	form	of	step	function,	which	defines	absorption	coefficient	changes	






observed	 in	 functional	 connectivity	 maps.	 However,	 the	 particular	 localization	 made	
these	spurious	contributions	highly	recognizable,	reducing	the	risk	of	a	misinterpretation.		
Especially	 in	 fMRI-based	works,	 the	 detection	 of	 negative	 correlations	 is	 an	 essential	
component	 in	 the	 study	of	 functional	 connectivity.	 Its	 emergence	 in	 the	 reconstructed	
sources,	 from	 the	 original	 positive	 correlated	 pattern,	 raised	 our	 interest	 in	
understanding	 the	capability	of	 the	method	 to	discern	 the	negative	correlations	 in	 the	
ground-truth,	when	present.	To	 this	end,	we	generated	a	 second	spatial	 configuration,	








crucial	 choice	 of	 optodes	 disposition	 in	 the	 process	 of	 probe	 design.	 Of	 course,	 the	



















Atlas	 is	 today’s	most	 valid	 alternative	 for	 information	on	anatomical	 structures	 to	 the	
subject-specific	fMRI.	Indeed,	the	latter	is	an	impractical	solution	for	monitoring	studies	

















though	 the	 subjects	 were	 slightly	 older),	 but	 offered	 the	 possibility	 to	 examine	
reconstruction	of	 functional	connectivity	maps	using	a	more	extended	probe.	For	both	
neonates’	 samples,	 only	 analyses	 in	 the	 sensor	 space	 -	 performed	 with	 a	 seed-based	
method	-	were	available	and,	in	the	second	case,	already	published.	It	is	worth	pointing	
out	 that	 real	 data	 showed	 good	 quality	 overall.	 To	 this	 regard,	 the	 factors	 taken	 in	
consideration	were	different.	For	each	sample,	we	extracted	time	courses	without	motion	
artifacts,	acquired	on	subjects	in	a	deep	sleep	stage	(ensured	on	the	basis	of	behavioral	
parameters)	 in	a	dim	 lit	 environment,	with	 the	probe	well-positioned	above	 the	head.	
These	 observations	 persuaded	 us	 of	 the	 reliability	 of	 the	 data.	 As	 the	 previous	 tests	
suggested,	the	prerequisite	for	the	application	of	the	method	is	not	dealing	with	highly	
noisy	 time	 series.	 The	 reconstructed	 functional	 connectivity	 maps	 confirmed	 the	






probe	 and	 the	 sparsity	 of	 its	 channels.	 These	 artefacts	 may	 substantially	 confound	
interpretation	of	the	data.	In	the	future,	we	aim	to	expand	the	study	by	including	more	












studies	 in	 infants,	but	only	under	 specific	 conditions.	The	assessment	of	 the	 impact	of	
distinct	external	factors	on	the	process	should	make	it	possible	to	establish	criteria	for	








In	 the	 last	decade,	optical	systems	based	on	 fNIRS	principles	have	been	established	as	
powerful	 tools	 to	 explore	 the	 brain	 functional	 architecture.	 Thanks	 to	 its	 technical	
characteristics,	 this	 technique	 is	 extremely	 suitable	 for	 cognitive	 and	 clinical	
investigations	in	developmental	neuroscience.	 	 Indeed,	the	possibility	to	perform	quiet	
and	 totally	 non-invasive	 measurements,	 as	 well	 as	 portability	 and	 good	 spatial	 and	
temporal	resolution	tradeoffs,	are	highly	advantageous	features	for	vulnerable	and	non-
verbal	 populations,	 such	 as	 newborns.	 Despite	 the	 urgent	 quest	 to	 understand	 the	




On	 one	 side,	 a	 peculiar	 aspect	 of	 resting	 state	 functional	 connectivity	 has	 been	




into	 account	 both	 positive	 and	 negative	 correlations,	 could	 be	 implemented	 using	 the	
limited	number	of	channels	available	on	our	instrument,	which	did	not	allow	coverage	of	
the	 entire	 DMN.	 Channel-based	 analysis	 clearly	 showed	 the	 lack	 of	 homotopic	
correlations	 in	 the	 parietal	 components	 of	 the	 DMN.	 Moreover,	 no	 intrahemispheric	
anticorrelation	between	 the	LP	and	 IPS	 cortices	was	observed,	 thus	 corroborating	 the	
idea	 that	a	mature	DMN	has	not	yet	developed	at	birth.	 Importantly,	our	analysis	was	
performed	in	a	small	but	selected	group	of	subjects,	avoiding	potential	sources	of	artifacts	










has	been	prompted	by	 the	need	 to	enrich	 the	description	of	 the	 typical	 channel-based	
connectivity,	popular	in	resting	state	works	on	infants.	Indeed,	shifting	the	analysis	from	
a	 sensor	 to	 a	 source	 space	 can	 improve	 the	 anatomical	 description	 of	 functional	
connectivity	 and	 facilitate	 comparison	with	previous	 studies	performed	with	different	
techniques,	such	as	fMRI.	One	of	the	aims	of	this	work	was	to	clarify	to	what	extent	the	
process	 of	 image	 reconstruction	 from	 signals	 collected	 at	 the	 scalp	 is	 influenced	 by	
external	 factors,	 like	noise	or	probe	design.	 In	order	 to	provide	a	ground-truth	 for	 the	
assessment	of	the	reconstruction,	we	generated	synthetic	datasets	mimicking	features	of	
the	DMN,	including	both	positive	and	negative	correlations.	This	analysis	defined	useful	
guidelines	 for	 reliable	 reconstruction	of	 the	data.	We	 found	 that	 the	both	density	 and	
extension	of	the	optical	probe	dramatically	impact	the	source	reconstruction.	Indeed,	low	




sufficient	 SNR,	 reliable	 patterns	 of	 positive	 and	 negative	 correlations	 can	 be	




two	 groups	 of	 term	 neonates	 with	 different	 probes,	 to	 obtain	 anatomically	 resolved	
functional	 connectivity	 maps.	 These	 maps	 improved	 visualization	 and	 confirmed	 our	
sensor-space	 analysis,	 showing	 no	 evidence	 of	 interhemispheric	 correlations	 in	 the	
parietal	 cortices,	 and	 no	 anticorrelations	 between	 LP	 and	 IPS	 at	 this	 age.	 These	













Alcauter,	 Smith,	 Gilmore,	 &	 Lin,	 2015).	 These	 results	 suggest	 that	 developmental	
trajectories	of	 functional	 connectivity	are	closely	connected	 to	 the	development	of	 the	
underlying	cognitive	functions.	Indeed,	complete	configurations	of	visual,	sensorimotor	
and	 auditory	 networks	 have	 been	 detected	 at	 birth.	 Conversely,	 networks	 involved	 in	
higher	order	cognitive	functions,	like	the	salience	network,	responsible	for	the	integration	
of	 complex	 functions	 associated	 with	 social	 behavior	 and	 communication,	 show	










the	 DAN,	 mature	 independently	 of	 its	 intrinsic	 features,	 like	 homotopic	 parietal	
correlations	 and	 long-distance	 connectivity.	 Ultimately,	 accurate	 mapping	 of	 this	













Finally,	we	note	 that	 the	 field	suffers	 from	a	 lack	of	standardization	 in	acquisition	and	
analysis	 processes,	 which	 substantially	 hampers	 comparison	 of	 different	 studies.	 It	 is	
therefore	 desirable	 that	 the	 entire	 scientific	 community	 strives	 to	 build	 solid	
methodological	 guidelines,	 in	 order	 to	 facilitate	 data	 reproducibility	 and	 shared	
procedures.	From	this	perspective,	we	hope	that	the	present	work	may	provide	tools	to	
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